El Manira, A. and N. Bussières. Calcium channel subtypes in different modulators require further study. Characterization lamprey sensory and motor neurons. J. Neurophysiol. 78: 1334-of the types and properties of calcium channels in identified 1340, 1997. Pharmacologically distinct calcium channels have spinal cord neurons is necessary to provide insight into their been characterized in dissociated cutaneous sensory neurons and specific roles and the functional significance of these chanmotoneurons of the larval lamprey spinal cord. To enable cell nels for neuromodulation. Characterization and analysis of the relative importance edly increased the amplitude of the calcium channel current. The of the different calcium channels have been performed in BayK-potentiated current was not affected by v-CgTx, indicating spinal cord neurons in different vertebrate species. In rat that the reversibility of the v-CgTx effect is not due to a blockade spinal cord neurons, N-type channels contribute Ç50% and of L-type channels. Simultaneous application of v-CgTx and ni-L-type channels represent 20-30% of the total calcium curmodipine left Ç15% of the HVA calcium channel current, a small rent (Regan et al. 1991) . In chick embryo dorsal root ganpart of which was blocked by the P/Q-type channel antagonist v-glion neurons and sympathetic neurons of both rat and frog, agatoxin-IVA. In the presence of the three antagonists, the persisthe calcium current is mediated largely through N-type chantent residual current (Ç10%) was completely blocked by cadmium. nels (Boland et al. 1994; Cox and Dunlap 1992) . Spinal Our results provide evidence for the existence of HVA calcium cord neurons in the Xenopus embryo also possess v-conochannels of the N, L, and P/Q types and other HVA calcium channels in lamprey sensory neurons and motoneurons. In addition, toxin-GVIA (v-CgTx)-sensitive calcium channels, but they certain types of neurons express LVA calcium channels.
In mammals, biophysical and pharmacological studies tively labeled with fluorescein-coupled dextran amine in the intact have documented the existence of both LVA and HVA calspinal cord in vitro before dissociation. Calcium channels present cium channels. The latter can be subdivided into the L, N, in sensory dorsal cells, motoneurons, and other spinal cord neurons P, and Q subtypes and have been characterized with the use were characterized with the use of whole cell voltage-clamp recordings and specific calcium channel agonist and antagonists. The of specific blockers (Fox et al. 1987; Llinás et al. 1992 ; results show that a transient low-voltage-activated (LVA) calcium Mintz et al. 1992; Nowycky et al. 1985; Pearson et al. 1995;  current was present in a proportion of sensory dorsal cells but not Randall and Tsien 1995) . Furthermore, molecular cloning in motoneurons, whereas high-voltage-activated (HVA) calcium has allowed the identification of additional calcium channels currents were seen in all neurons recorded. The different compo-that are widely distributed in the nervous system (see Birnnents of HVA current were dissected pharmacologically and simi-baumer et al. 1994; Snutch and Reiner 1992; Tsien et al. lar results were obtained for both dorsal cells and motoneurons. 1991). These different calcium channels contribute to variThe N-type calcium channel antagonist v-conotoxin-GVIA ous physiological functions and they can be differentially calcium channel antagonist nimodipine blocked Ç15% of the total HVA current. The dihydropyridine agonist ({)-BayK 8644 markCharacterization and analysis of the relative importance edly increased the amplitude of the calcium channel current. The of the different calcium channels have been performed in BayK-potentiated current was not affected by v-CgTx, indicating spinal cord neurons in different vertebrate species. In rat that the reversibility of the v-CgTx effect is not due to a blockade spinal cord neurons, N-type channels contribute Ç50% and of L-type channels. Simultaneous application of v-CgTx and ni-L-type channels represent 20-30% of the total calcium curmodipine left Ç15% of the HVA calcium channel current, a small rent (Regan et al. 1991) . In chick embryo dorsal root ganpart of which was blocked by the P/Q-type channel antagonist v-glion neurons and sympathetic neurons of both rat and frog, agatoxin-IVA. In the presence of the three antagonists, the persisthe calcium current is mediated largely through N-type chantent residual current (Ç10%) was completely blocked by cadmium. nels (Boland et al. 1994; Cox and Dunlap 1992) . Spinal Our results provide evidence for the existence of HVA calcium cord neurons in the Xenopus embryo also possess v-conochannels of the N, L, and P/Q types and other HVA calcium channels in lamprey sensory neurons and motoneurons. In addition, toxin-GVIA (v-CgTx)-sensitive calcium channels, but they certain types of neurons express LVA calcium channels.
do not exhibit any dihydropyridine-sensitive L-type channels (Barish 1991; Wall and Dale 1994) . The relative contribution of the different calcium channel subtypes to the total I N T R O D U C T I O N calcium current in spinal cord neurons thus varies between the species and the cell type studied. Activation of voltage-gated calcium channels controls a
In the lamprey, which is a lower vertebrate, calcium entry variety of neuronal processes, including neurotransmitter rethrough voltage-activated channels can regulate the firing lease and ion channel activation or inactivation (see Hille properties of single neurons through activation of calcium-1992). In the lamprey locomotor network, the intracellular dependent potassium channels and modulate the overall accalcium level in spinal neurons phasically fluctuates during tivity of the locomotor networks (see Grillner et al. 1995) . locomotor activity (Bacskai et al. 1995) . Both low-voltageTo understand the relative roles of the different calcium activated (LVA) and high-voltage-activated (HVA) calcium channels, it is necessary to define their pharmacological prochannels are present in lamprey spinal cord neurons (Matfile as well as their relative contribution to the total calcium sushima et al. 1993). These can be modulated by different current in different types of spinal neurons. This will provide transmitters, for example g-aminobutyric acid, dopamine, information on whether the same pharmacological classifiand serotonin (El Manira et al. 1997; Matsushima et al. cation of calcium channels applies to lower vertebrates. In 1993; Schotland et al. 1995) , resulting in changes in firing the present study we utilized whole cell patch-clamp techfrequency and the strength of synaptic transmission (see niques on identified cutaneous sensory neurons, dorsal cells, Grillner et al. 1995) . Although the modulation of calcium and motoneurons to determine the different types of calcium channels has been studied in some detail, the specific types channels present. Using specific agonists and antagonists, of LVA and HVA calcium channels present in different lamprey spinal neurons and their relative responsiveness to we provide evidence for the existence of N-, L-, and P/Q-extracellular medium from stock solutions. Nimodipine (RBI) and type calcium channels in motoneurons, cutaneous sensory of the contribution of the different channel types in the overall activity of the spinal locomotor network.
R E S U L T S M E T H O D S

Properties of calcium channel currents Retrograde labeling of spinal neurons
Whole cell recordings were made from somata of FDAprelabeled motoneurons (Fig. 1, A and B) , skin sensory Larval lampreys (Petromyzon marinus) 10-14 cm long were anesthetized with tricaine methane sulfonate (100 mg/l) and evis-neurons (dorsal cells; Fig. 1, C and D) , and unidentified cerated and the notochord/spinal cord was dissected out in cooled spinal cord neurons. The cells were dissociated and mainoxygenated physiological solution composed of (in mM) 138 tained in culture for 1-15 days. Calcium currents were elicNaCl, 2.1 KCl, 1.8 CaCl 2 , 1.2 MgCl 2 , 4 glucose, 2 N-2-hydroxyeth-ited by depolarizing voltage steps from a holding potential ylpiperazine-N-2-ethanesulfonic acid (HEPES), and 0.5 L-gluta-of 090 mV with the use of barium as the charge carrier in mine, pH adjusted to 7.4. The spinal cord was exposed from either the presence of blockers for sodium and potassium channels the dorsal aspect, by removing overlying tissues, or from the ventral (see METHODS ). Motoneurons (n Å 8) showed only a susaspect by removing the notochord. Motoneurons and sensory dorsal tained HVA barium current that started to be activated at cells were retrogradely labeled by applying fluorescein-coupled voltage steps between 040 and 030 mV ( Fig. 2A ). This dextran amine (FDA) to the remaining muscle tissue along the current was completely blocked by cadmium (50-200 mM; entire length of the preparation. Removal of the dorsal tissue resulted in all of the dorsal roots being cut, thereby allowing the data not shown), a general blocker for HVA calcium chantransport of the dye only through the ventral roots to label motoneu-nels. In contrast to motoneurons, some dorsal cells displayed rons. In contrast, removal of the notochord resulted in transection both LVA and HVA calcium currents. The LVA current of ventral roots and dye transport only through the dorsal roots for ( Fig. 2B ) was obtained in 17% of all dorsal cells studied labeling of dorsal cells. After 15 min, the preparation was thor-(n Å 63) and in 19% of unidentified spinal cord neurons oughly washed with physiological solution to remove the re-(n Å 64). This current was transient and typically activated maining FDA. The preparation was left for 48-60 h in a cold room at voltage steps between 060 and 050 mV. As the test to allow for transport of the tracer.
potential became more depolarized (Fig. 2B ), the amplitude of the total current increased and the onset became faster.
Dissociation and culture of neurons
The peak amplitude was reached at a test potential of Ç0 The dissociation was carried out in Leibovitz's L-15 culture mV and decreased with further depolarization (Fig. 2C ). medium (Sigma) supplemented with glutamine (2 mM), gentami-The HVA current was completely blocked with cadmium cin (1 mg/ml), and penicillin-streptomycin (2 ml/ml), osmolarity (50-200 mM), whereas the amplitude of the LVA current adjusted to 270 mosM. The spinal cord was incubated in collagen-elicited by a test potential to 030 mV was reduced by 50%, ase (2 mg/ml, 30 min, Sigma) and then in protease (2 mg/ml, 45 but the LVA current was never completely blocked ( component was seen, as in the motoneuron in Fig. 2A .
The dissociated neurons were incubated at 8ЊC for 1-15 days. The medium was changed every third day.
Pharmacology of calcium channel currents Electrophysiology
To determine the types of HVA calcium channels present Whole cell recordings were performed on somata of spinal cord in lamprey spinal cord neurons, a pharmacological dissection neurons with the use of an Axopatch 200A patch-clamp amplifier. of the total barium current was carried out. The membrane Pipettes with resistances of 2-5 MV were pulled on a Narishige potential of the recorded neurons was held at 090 mV and two-step puller. Cells were voltage clamped at a holding potential a voltage step to a test potential was applied. Application of of 090 mV and currents were evoked by 40-to 60-ms depolarizing the N-type calcium channel antagonist v-CgTx (Aosaki and voltage steps applied at 10-s intervals. Linear leak and residual Kasai 1989; Boland et al. 1994; Plummer et al. 1989 ; Regan capacity currents were subtracted on-line with the use of a P/4 et al. 1991) caused a dramatic decrease of the total barium subtraction protocol (4 steps, 1/4 of the test pulse, averaged and scaled for each test pulse). Pulse protocols, data acquisition, and current in a dose-dependent manner (Fig. 3) . At 0.2 mM, analysis of recordings were performed with the use of pCLAMP v-CgTx blocked ú70% of the current (Fig. 3, A and B) , software (Axon Instruments). During the recording, cells were and the current was decreased further when the v-CgTx superfused with the use of a gravity-driven system with a solution concentration was increased to 0.5 mM. A further increase containing (in mM) 114 NaCl, 10 tetraethylammonium, 1 KCl, of the concentration to 1 or 2 mM had only a slight additional 1.2 MgCl 2 , 10 glucose, 10 HEPES, 5 CaCl 2 or BaCl 2 , and 0.001 effect (Fig. 3, A-C) . N-type channels are fully available at tetrodotoxin, pH adjusted to 7.4. For whole cell recordings, the 090 mV and start to be activated around 025 mV (not pipettes were filled with a solution containing (in mM) shown). In all neurons studied (motoneurons, dorsal cells, (Fig. 3A) . Thus ú70% of the total barium current was J056-7 / 9k19$$se11 08-09-97 10:48:08 neupa LP-Neurophys blocked by v-CgTx concentrations as low as 0.2 mM and seen when a higher concentration of v-CgTx (0.5 mM) was applied (Fig. 5, A and B) . We therefore concluded that vthe maximum effect of the toxin was obtained at 0.5 mM (Fig. 3C) . These results show that a large component of the CgTx at a concentration between 0.2 and 0.5 mM does not significantly affect L-type calcium channels. HVA calcium channel current in lamprey spinal cord neurons is caused by activation of N-type channels.
Although v-CgTx blocked a large proportion of the total Types of calcium channels present in motoneurons and barium current, it was never able to abolish the current com-sensory dorsal cells pletely, indicating that other components, insensitive to vCgTx, are present in lamprey spinal cord neurons. The total To test whether the N and L type channels were the only HVA calcium channels present in motoneurons and dorsal barium current was therefore dissected further with the use of nimodipine, an antagonist for L-type calcium channels cells in the lamprey spinal cord or whether other types of HVA channels were also present, specific antagonists were (McCarthy and TanPiengo 1992; Regan et al. 1991) . Application of nimodipine decreased the amplitude of the current applied simultaneously. Calcium channel currents were elicited in an FDA-prelabeled motoneuron by voltage steps to in a dose-dependent manner. The blocking effect of nimodipine was apparent at 0.5 mM and the maximum effect was 010 mV from a holding potential of 090 mV and different calcium channel antagonists were applied (Fig. 6, A and B) . obtained with a concentration of 2 mM (Fig. 4, A-C) . Application of BayK (1-2 mM), a selective L-type channel ago-Application of v-CgTx (0.5 mM) blocked 74.2% (Fig. 6, A and C) of the total barium current. Addition of nimodipine nist, greatly enhanced the amplitude of the calcium channel current elicited by a step potential to 030 mV (Fig. 5A) . (5 mM) in the presence of v-CgTx blocked the current further by 14.6% (Fig. 6, A and C) . In no case when both In all neurons studied, BayK increased the amplitude of the barium current by ú200% (n Å 9). In lamprey spinal cord N-and L-type calcium channel antagonists were applied simultaneously was the current completely abolished, indineurons, L-type channels were activated at 030 mV, whereas N-type channels were activated at more positive potentials. cating that other components insensitive to v-CgTx and nimodipine are present in motoneurons. The presence of P/ These results thus show that lamprey spinal cord neurons possess dihydropyridine-sensitive L-type calcium channels. Q-type calcium channels was therefore tested with the use of v-Aga (0.2 mM). In the presence of v-CgTx and nimodiIn chick sensory neurons and mouse motoneurons, vCgTx can also block L-type calcium channels in a nonselec-pine, application of v-Aga blocked 4.5% (Fig. 6C) of the total barium current, but a complete block was not obtained. tive manner (Aosaki and Kasai 1989; Mynlieff and Beam 1992) . This possibility was studied by testing the effect of The remainder of the current was abolished by application of cadmium (50 mM), a general blocker for HVA calcium v-CgTx on a calcium component that had been potentiated by the dihydropyridine agonist BayK and it could thus be channels (Fig. 6, A and B) .
A similar characterization of the contribution of the differunambiguously identified as being mediated through opening of L-type channels (Fig. 5, A and B) . The amplitude of the ent calcium channels to the total barium current was carried out in identified dorsal cells (Fig. 7) . FDA-prelabeled dorsal current recruited by BayK was unchanged after application of v-CgTx (0.2 mM). A small reduction of the current am-cells were recorded and the effect of the different calcium channel antagonists was tested on HVA calcium channel plitude, as measured at the end of the voltage step, was (Fig. 8 ).
D I S C U S S I O N
These experiments demonstrate the presence of LVA and HVA calcium channels in lamprey spinal cord neurons (see also Matsushima et al. 1993) . The LVA calcium channel current is characterized by a transient activation at relatively hyperpolarized potentials (Carbone and Lux 1984; Fox et al. 1987; Nowycky et al. 1985) . This current was seen in 17% of sensory dorsal cells and in 19% of unidentified neurons, but was never seen in identified motoneurons. The HVA calcium channel current, on the other hand, was present in all cells recorded. This current could be divided pharmacologically into four components: N, L, P/Q, and R. In the intact spinal cord, dorsal cells have been subdivided into touch-and pressure-sensitive types depending on their sensitivity to skin stimulation (Christenson et al. 1988 ). Touch-sensitive dorsal cells represent Ç14% of the total number of dorsal cells and possess LVA calcium channels (Christenson et al. 1993) . In contrast, pressure-sensitive dorsal cells do not have LVA calcium channels. The proportion of dorsal cells that displayed an LVA calcium current in the present study thus corresponds to that reported in the intact spinal cord. Dorsal cells used in this study were not identified on the basis of their sensitivity to skin stimulation, but it is likely that dorsal cells with an LVA current are touch sensitive, whereas those with only HVA currents are sensitive to pressure.
v-CgTx blocked ú70% of the total barium current at the peak amplitude in skin sensory dorsal cells, motoneurons, FIG . 2 . Properties of calcium channel currents in motoneurons and sen-and unidentified spinal neurons. In spinal cord neurons of sory dorsal cells. A: whole cell voltage-clamp recording was made from larval lampreys, the largest proportion of the calcium chanprelabeled motoneuron. Voltage steps were applied from holding potential nel current is thus carried through N-type channels. The of 090 mV. Inward barium current started to be activated at voltage steps dominance of N-type channels was also seen in cultured between 040 and 030 mV, and no transient component was seen. B: inward spinal neurons from adult (transformer) animals (unpubbarium current in prelabeled sensory dorsal cell. Transient barium current was elicited at voltage steps between 060 and 050 mV. Amplitude of this lished data). The v-CgTx block of the barium current was transient current increased with increased voltage steps. Sustained current reversible on washout in all neurons analyzed in this study. was evoked at voltage steps between 030 and 020 mV. C: sustained current In frog, N-type calcium channels were reversibly blocked in dorsal cell was completely blocked by cadmium (100 mM), whereas by v-CgTx and they represented the major component of large part of transient current persisted in cadmium. V t , test potential; I Ba , barium current.
the total calcium channel current (Boland et al. 1994; Wall and Dale 1993) . In peripheral and central mammalian neurons, the N-type channel current has been defined as a current currents elicited by voltage steps to 020 mV from a holding potential of 090 mV. Application of v-CgTx (0.5 mM) re-irreversibly blocked by v-CgTx (Boland et al. 1994; Williams et al. 1992) . A partial recovery of v-CgTx block of duced the amplitude of the total barium current by 66.7% in this cell, and addition of nimodipine (5 mM) blocked the mammalian N-type channels was also reported . It thus seems that N-type channels in both periphcurrent further by 16.8% (Fig. 7, A-C) . As in motoneurons, the HVA calcium channel current in dorsal cells also con-eral and central neurons of lower vertebrates are characterized by their strong blockade by v-CgTx, but unlike in tains a component that is insensitive to v-CgTx and nimodipine. Application of v-Aga (0.2 mM) reduced the amplitude higher vertebrates, the block is largely reversible on washout.
In chick sensory neurons and mouse motoneurons, on the of the total barium current by an additional 2.8% but never blocked it completely (Fig. 7, A and B) . Cadmium (50 mM) other hand, v-CgTx has been reported to block L-type calcium channels nonselectively and reversibly (Aosaki and blocked the remainder of the current. These results show that both motoneurons and dorsal cells in the lamprey spinal Kasai 1989; Mynlieff and Beam 1992) . A possible nonselective block of L-type channels is unlikely to occur in lamprey cord possess N-, L-, and P/Q-type calcium channels as well as a residual (R) calcium current component resistant to the spinal cord neurons because v-CgTx at concentrations sufficient to block ú70% of the total barium current failed to N-, L-, P/Q-type antagonists and blocked by cadmium (Figs.  6 and 7) . In all neurons ( n Å 14) in which the different affect an L-type current recruited by application of BayK (Fig. 4) . We therefore conclude that in the lamprey spinal calcium channel antagonists were tested simultaneously, N-J056-7 / 9k19$$se11 08-09-97 10:48:08 neupa LP-Neurophys cord N-type channels represent a large part of the somatic calcium channels (Llinás et al. 1992; Mintz et al. 1992; Pearson et al. 1995; Randall and Tsien 1995) . No attempt, calcium current and that they are characterized by a reversible block by v-CgTx.
however, was made to determine the relative involvement of P-versus Q-type channels. Lamprey spinal cord neurons The contribution of L-type calcium channels to the total peak current was studied with the use of both a specific thus possess an additional HVA calcium component that is insensitive to specific HVA antagonists but that is blocked dihydropyridine agonist and an antagonist. The dihydropyridine antagonist nimodipine blocked Ç15% of the total cal-by cadmium. Interestingly, the proportion of this residual current is similar to what was reported for mammalian sencium current in both dorsal cells and motoneurons. The Ltype agonist BayK markedly increased the amplitude of the sory and motoneurons. These results demonstrate in the lamprey the presence of N-, L-, and P/Q-type and calcium chancurrent elicited by a small depolarization. All lamprey spinal cord neurons tested, including sensory dorsal cells and moto-nels with pharmacological properties that are similar to those of higher vertebrates. Several cellular properties that are neurons, thus possess calcium channels that can be defined as L-type channels. The proportion of the total calcium current important for the operation of the spinal locomotor network, such as spike frequency adaptation and N-methyl-D-asparmediated through L-type channels is similar to that found in other vertebrate spinal cord neurons (Regan et al. 1991) , tate-induced membrane potential oscillations, are dependent on calcium entry through voltage-dependent channels. although in the embryo of Xenopus, another lower vertebrate, spinal cord neurons do not possess dihydropyridine-sensitive
The results of the present study are of importance in determining the role of each type of calcium channel for the calcium channels (Barish 1991; Wall and Dale 1994) .
Simultaneous application of v-CgTx and nimodipine different cellular properties and for synaptic transmission in motoneurons, interneurons, and sensory neurons. The elucinever caused a complete block of the total calcium channel current. A part of the residual current was blocked by v-dation of the roles of the different types of calcium channels and their modulation by different transmitters is an important Aga and can thus be considered as mediated through P/Q blocked ú70% of current, the L-type blocker nimodipine reduced current holding potential of 090 mV. The N-type antagonist v-CgTx markedly reduced amplitude of current, the L-type antagonist nimodipine decreased amplitude by Ç14%, and P/Q-type antagonist blocked current further by Ç5%. In presence of 3 antagonists, there was residual current that persisted amplitude of current further, and P/Q-type blocker had further small effect on current. Resistant current was blocked by cadmium. B: average traces and was blocked by cadmium. B: average traces showing effect of different calcium channel antagonists. C: amount of current mediated by N-, L-, and showing effect of different calcium channel antagonists. C: current mediated through N-, L-, and P/Q-type calcium channels. These traces were obtained P/Q-type channels. These traces were obtained by subtraction of current traces illustrated in B. by subtraction of current traces illustrated in B. v-Aga, v-agatoxin IVA.
